Imidazoleglycerol phosphate dehydrase, the enzyme in the pathway of histidine biosynthesis (see Table 1 ) which converts imidazoleglycerol phosphate (JGP) to Materials.-N-a-formyl-i-histidine, ihistidinol phosphate (HLP), imidazoleglycerol phosphate (IGP), and imidazoleacetol phosphate (IAP) were provided by Bruce N. Ames. Formylhistidine was also synthesized by the procedure of Fischer and Cone.9 Additional IGP was synthesized according to Ames,3 using a modification he had suggested (personal communication). Natural IGP was obtained by extraction from the culture media of a his B mutant. Solutions of IGP were standardized on the basis of the extinction coefficient for imidazoleformaldehyde, obtained upon periodate oxidation of IGP.3 Natural or synthetic IGP could be used interchangeably in enzyme assays.
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Bacterial strains and nomenclature: The wild type and mutant stocks of S. typhimurium, strains LT-2 and LT-7, employed in this study have been described in detail. sub-inoculated into the E medium of Vogel and Bonner'0 made 2.0 X 10-2 M with respect to glycerol and 1.0 X 10-4 M with respect to L-histidine. These preparations were incubated for 12 to 18 houis, and a 1/100 dilution was then made into similar E-glycerol medium made 3.0 X 10-i M with respect to formylhistidine.1 These final cultures, varying in volumes from 100 ml to seveial liters in some cases, were grown for 18 to 19 hours with vigorous aeration. Cells were harvested by Sharples or Lourdes continuous-flow centrifugation, or by centrifugation in bottles. Assays of cell titer and percentage prototrophs at the time of harvesting were determined by optical density, and by serial dilution and plating upon nutrient and minimal agar plates. Cells were generally washed once with 0.85% saline and were suspended in a standard buffer of 1.0 X 10-1 M triethanolamine-HCl (TEA-HCl), pH 7.5, made 1.0 X 10-2 M with respect to 2-mercaptoethanol (MET) and 1.0 X 10-3 M with respect to ethylenediamine-tetraacetate (EDTA). They were then frozen and stored at -60°until used.
Preparation of cell extracts: Suspensions of approximately 3 X 1011 cells/ml were disrupted in the standard buffer in a Raytheon 10-kc oscillator. Small volumes were contained in Lourdes 6 DT tubes or in collodion-treated lusteroid tubes held in water during sonication; volumes of 6 to 20 ml were added directly to the oscillator cup. Varying times of sonication at 0.9 to 1.0 amperes were employed. Disrupted suspensions were subsequently centrifuged at 21,000 g for 10 min, and the lighter portion of the pellet obtained was resuspended and centrifuged an additional 10 min at 26,000 g. Supernatant fluids were then combined and dialyzed or subjected to other purification steps. Dialysis of 2 to 10 ml portions of the supernatant fluids was performed against the standard buffer for 4 hours at 4°. Two or three changes of 300 to 1000 ml of buffer were used for the dialysis, depending on the volume of extract. All preparations were stored at -60°.
Assays: Protein concentrations were determined by the method of Lowry et al.11 using amorphous insulin (Lot W-3255, Eli Lilly and Co.) as a standard. Interference in determinations caused by the buffer was circumvented by adding a constant amount of buffer in all assays. Spectrophotometric assays of IGP dehydrase and HLP phosphatase were performed as described by Ames PROC. N. A. S. et al. ' The former assay is based upon the absorption of the product, 1AP, in alkali. In the latter, an ascorbic-molybdate mixture is used to determine the P04 liberated. In each case, one unit of enzyme is that amount which catalyzes the formation of one micromole of reaction product per hour under defined conditions. The addition of sodium arsenate (5.2 X 10-' Al) to the dehydrase assay buffer retarded undesirable IGP and IAP phosphatase activity with no apparent effect upon the dehydrase reaction. Qualitative assays for the presence or absence of IGP dehydrase activity in mixtures of B mutant extracts were accomplished by paper chromatography of reaction products using a solvent of n-propanol-1 N acetic acid (3:1). IAP and imidazoleacetol (IA) were identified on the basis of their R-f, color after sulfanilic acid diazotization, and their reduction of copper sulfate."2 Immunochemical procedures: As reported by Ames and Garry," mutant cells grown on formylhistidine in the manner described are relatively free of histidine repression. Wild type levels of histidine biosynthetic enzymes are characteristically the same when cells are grown with or without formylhistidine. The same enzymes in mutant cultures are elevated from 10-to more than 30-fold the wild type level. The advantage of this phenomenon was applied in obtaining preparations of enzyme antigen for the immunization of rabbits. Extracts of derepressed his C-86, obtained as described, were purified an additional 5-fold with respect to both IGP dehydrase and HLP phosphatase by protamine, streptomycin, and ammonium sulfate fractionations. The resulting solutions had, for both enzymes, specific activities of greater than 300-fold the levels characteristic of crude extracts of wild type bacteria. These preparations were administered to rabbits intramuscularly over a 2-month period4 according to the procedure of Cohn. '5 Immune sera were cross-absorbed with protein extracts from the nonreverting mutant, his B-22. Precipitin reactions were studied by mixing varying proportions of antigen and antiserum in 0.9 per cent saline. The mixtures were centrifuged after incubating from 6 to 24 hrs at 40 and precipitates were suspended in the standard buffer. Both these and the supernatant solutions were assayed for both enzyme activities and compared with assays from parallel tubes using nonimmune serum. Agar gel diffusion experiments were conducted according to Ouchterlony.16 Results.-Activities of dehydrase in B mutants: Derepressed, dehydrase-deficient mutants contain less than 20 per cent of wild type dehydrase activity.
This low level of dehydrase in mutant extracts is less than 1 per cent of the high level observed in other histidineless mutants following relief of repression.
Extracts were prepared from 38 mutants genetically characterized as his B. All were shown to be lacking dehydrase by the chromatographic assay, a procedure which readily demonstrates activity in extracts of wild type cells. Spectrophotometric examination of extracts of 17 mutants showed that all were completely deficient in dehydrase activity within the limits of the assay method (less than 1 per cent of the elevated level just described).
HLP phosphatase activities among B mutants: During the purification of IGP dehydrase, HLP phosphatase activity showed a tendency to accompany the dehydrase enzyme. The B mutants were accordingly surveyed for HLP phosphatase activity as well. Results are shown in Table 2 . In all mutants genetically determined as Bc, and in all multiple-unit mutants involving the Bc unit, the HLP phosphatase activity is approximately at the level of the wild type activity, or is lower. In contrast, significantly elevated levels of HLP phosphatese were observed in mutants of the Ba, Bb and Bd complementation units. These specific activities are generally 10-to 100-fold higher than for Bc mutants.
Included in the category of B mutants low or deficient in HLP phosphatase are the three Ba(bc) mutants showing a genetic position effect extending over Bb and Bc.
Dehydrase complementation in extract: General surveys for dehydrase complementation between mutants were made by preparing a number of dialyzed extracts Aliquots were then incubated for 30 minutes or longer at 370 in the same assay mixture made 5.2 X 10-3 M with respect to arsenate and 4.4 X 103 M with respect to IGP. After incubation, aliquots were chromatographed and assayed for IAP and IA as described. Appearance of these compounds was taken as evidence of functional dehydrase complementation. The extracts were also run singly as controls.
The results of such surveys are presented in Table 3 . Entries of 0 indicate a lack of detectable dehydrase activity; complementation is indicated by a +. The table has been supplemented in two instances by information not checked by chromatography but obtained spectrophotometrically. These complementations, his-79 (X) -47 and his-61 (X) -47, are indicated by (+) in the table. The symbol * (combination his-143 (X) -206) represents one case in which no activity was detected chromatographically although earlier spectrophotometric evidence for complementation exists. Three questionably positive complementations, not resolved under the conditions used, are identified by question marks. tion containing both enzyme activities was incubated in tubes containing either antiserum or nonimmune serum. The nonimmune serum contained the same concentration of his B-22 protein used for absorption of the antisera. Tubes were centrifuged after 6 hours incubation at 40, and both precipitates and supernatant solutions were assayed. The per cent recoveries in nonimmune serum control tubes are given. Results of enzyme recovery after antibody treatment are expressed as per cent of enzyme activity remaining in the nonimmune serum control. HLP phosphatase activity in the antiserum supernatant fraction is given as an approximation due to the high blank involved. A survey of mutants for the quantitative demonstration of cross-reacting material (CRM) was made difficult by this partial inactivation characteristic. Ouchterlony's diffusion technique was therefore utilized in qualitative examinations of mutant extracts for the presence of CRM. Aliquots of crude dialyzed protein solutions of from 15 to 30 mg/ml were placed in the outer wells surrounding a well containing cross-absorbed antiserum. Nonimmune serum was added to one well in the series as a standard control against nonspecific precipitation. His B-22 protein, the absorbing antigen preparation, was similarly employed.
Typical results are depicted in Figure 1 . Several faint precipitation bands occur between the antiserum and most of the antigen-containing wells, including well number 3 containing his B-22 protein. These bands indicate that the antiserum is not monospecific. In addition to these bands, a single strong reaction band Table 5 . Discussion.-The lack of dehydrase activity in individual B mutants, characteristic patterns for dehydrase complementation, and the restriction of elevated HLP phosphatase activity to mutants not involving Bc correlate with the genetic classification of the mutants. The only differences from the genetic data (see Fig. '2  in ref. 2) thus far are in the capacities for complementation in extract between Bb-53 and Ba mutants, and between Bb mutants and Bd-65, capacities not expected to be so efficient in view of these two mutants' position effects.2 Also, mutant -289, originally designated Babcd, appears to be Bd by abortive transduction tests performed as a recheck following demonstration of its enzyme capacities in cell extracts (Hartman, personal 
communication).
The conclusion that IGP is converted to IAP in a single enzymatic step is derived from several lines of evidence. Immunological and fractionation studies indicate the presence of a single protein species. 14,. 13 Secondly, genetic data indicate the existence of a number of B mutants which give no abortive colonies over 2, 3, or 4 complementation units but which appear by recombination data to be mutant at single sites located in different parts of the B gene.2 8 In all cases where these mutants were tested for complementation in mixed extracts with potentially complementing Ba, Bb, or Bd preparations, no dehydrase activity was restored. Furthermore, no compounds other than IGP and 1AP, and their dephosphorylated derivatives, were detected in reaction' mixtures, nor did IGP disappear in any tests where IAP failed to accumulate.
An increasing number of examples" of genetic complementation among mutants lacking a specific enzymatic activity are being reported (see ref. 17). Woodward has described adenylosuccinase complementation in vitro using either crude-extracts'3 or partially purified protein components from Neuros'pora mutants.'
The work of Yanofsky and co-workers20 on Escherichia coli tryptophan synthetase provides a precedent for such enzyme protein studies in bacteria. In that system, complementation results from interaction of two separable and distinct protein components.
Highly purified preparations of the complementing components for IGP dehydrase have not been obtained. However, in view of the nondialyzable nature of these components, their heat lability, and their other features as mentioned above, they too are believed to be protein or polypeptide units. The similarity of patterns among mutants for both genetic complementation2 and complementation in extract suggests that both phenomena may occur through interaction of these protein components.
One mechanism for this interaction would attribute complementation to a reassortment of distinct polypeptide enzyme subunits, corresponding to Ba, Bb, Bd, and a Bc "matrix" polypeptide unit. This possibility cannot be eliminated by present data, but the assumptions required for its application to available data are numerous and complex. A more attractive scheme ascribes complementation to the cooperation of total intact molecules elicited by the entire B locus. Thus the active dehydrase enzyme, following complementation interactions, is viewed as a polymer of altered protein molecules structurally similar to the wild type. Each type of the basic unit is synthesized under the control of a single functional B locus in each of two different mutant chromosomes. Indeed, the active normal wild-type enzyme may itself be a polymer, comprised of identical units. The sedimentation behavior of normal IGP dehydrase has been studied recently using sucrose gradient centrifugation. It is known that DNA carries genetic information, and it is commonly assumed that the identity and linear order of the genes are determined by the linear sequence of nucleotides in DNA. However, little is known about the detailed relationship (or "code") between the DNA and proteins of a given species. A linkage group of genes may correspond to a unique nucleotide sequence, or it is possible that a large number of different nucleotide sequences could in principle carry the same genetic information.
The DNA of a given bacterial species is restricted by some mechanism within narrow limits of nucleotide composition, relative to the observed range of compositions for the various species.1' 2 To explain the wide differences in nucleotide composition between DNA's from species that presumably have considerable genetic information in common, codes have been proposed in which A is formally equivalent to C, and G is equivalent to T, so that the AT and GC pairs are interchangeable.3' 4 Given such a code, mistakes in replication could lead to changes in nucleotide composition with no change in genetic information, and DNA molecules containing a given genetic marker would have a range of possible nucleotide compositions equal to that for the total DNA. Differences in nucleotide composition between molecules containing different genetic markers, and the nucleotide compositional heterogeneity of the DNA, should be consistent with the predictions of a random model for the occurrence of fluctuations in nucleotide composition around some equilibrium value.5
In the experiments to be described, the nucleotide compositions of DNA molecules containing specific genetic markers have been investigated, taking advantage of the fact that the buoyant density of a DNA molecule depends upon its nucleotide composition,1' 2 and that the biological activity of transforming principle may be determined after isolation from a CsCl density gradient.
Materials and Methods.-Pneumococcal DNA containing the genetic markers streptomycin resistance (Sr), optochin resistance (QD), bryamycin resistance (Br), and aminopterin resistance [Ar(136)] in various combinations was studied. A bacterial lysate containing about 20 jug of DNA was centrifuged in CsCL solution of density 1.70 g cm-3, buffered at pH 8.5 with 0.01 M tris-(hydroxymethyl)-aminoethanol, and containing 0.001 M sodium versenate. After 48 hr at 35,000 rpm in the Sw39 head of the Spinco preparative ultracentrifuge, the CsCl solution was fractionated by making a small pinhole in the bottom of the lusteroid centrifuge tube and collect-
